von Furstenberg RJ, Gulati AS, Baxi A, Doherty JM, Stappenbeck TS, Gracz AD, Magness ST, Henning SJ. Sorting mouse jejunal epithelial cells with CD24 yields a population with characteristics of intestinal stem cells. Am J Physiol Gastrointest Liver Physiol 300: G409 -G417, 2011. First published December 23, 2010 doi:10.1152/ajpgi.00453.2010.-Intestinal stem cells (ISCs) have been studied for more than three decades; however, their isolation has remained a challenge. We hypothesized that, just as for stem cells of other tissues, one or more membrane markers would allow positive selection of ISCs by antibody-based sorting. To explore this hypothesis, microarray data of putative ISC fractions generated by side population sorting and laser capture microdissection were subjected to bioinformatic analysis to identify common membrane antigens. The microarray comparison suggested CD24 as a candidate surface marker, and immunohistochemistry showed expression of CD24 in epithelial cells of crypt bases. Flow cytometry of jejunal epithelial preparations revealed a CD24 ϩ CD45 Ϫ fraction comprising ϳ1% of the cells. Analysis with epithelial cell adhesion molecule and CD31 confirmed that the cell preparations were epithelial and without endothelial contamination. Cycling cells identified by prior injection with 5-ethynyl-2=-deoxyuridine were found predominantly in the CD24 lo subfraction. Transcript analysis by real-time RT-PCR showed this subfraction to be enriched in the ISC markers leucine-rich-repeatcontaining G-protein-coupled receptor 5 (40-fold) and Bmi1 (5-fold), but also enriched in lysozyme (10-fold). Flow cytometry with antilysozyme antibodies demonstrated that Paneth cells comprise ϳ30% of the CD24 lo subfraction. Additional flow analyses with leucine-richrepeat-containing G-protein-coupled receptor 5-enhanced green fluorescent protein (EGFP) epithelium demonstrated colocalization of EGFP hi and CD24 lo . In contrast, CD24 cells were negative for the quiescent ISC marker doublecortin and CaM kinase-like-1. Culture of CD24 lo cells in Matrigel generated organoid structures, which included all four epithelial lineages, thus giving functional evidence for the presence of ISCs. We conclude that the CD24 lo fraction of jejunal epithelium is highly enriched with cycling ISCs. This isolation method should be useful to many investigators in the field to advance both the basic understanding of ISC biology and the therapeutic applications of ISCs. small intestine; cycling cells; 5-ethynyl-2=-deoxyuridine; fluorescence-activated cell sorting; leucine-rich-repeat-containing G-proteincoupled receptor 5 THE EXISTENCE OF MULTIPOTENT intestinal stem cells (ISCs) has been recognized since the pioneering studies by Cheng and Leblond (5) in 1974. These early studies showed that undifferentiated cells, termed "crypt-base columnar cells," (CBCs), located in the intestinal crypts just above and between the Paneth cells, are responsible for the generation of all differentiated lineages of the small intestinal epithelium (5). In the intervening years, there was extensive focus on the supraPaneth CBCs (now often called "ϩ4" cells) due to their critical role in radiation damage and to the fact that these cells demonstrate long-term label retention of thymidine analogs (30). The cells in the ϩ4 zone are now known to be characterized by a variety of markers, including p-␤-catenin (Ser552), Bmi1 polycomb ring finger oncogene (Bmi1), telomerase, and doublecortin and CaM kinase-like-1 (DCAMKL1) (25, 30, 38) . They also appear to be resistant to differentiation in the face of loss of proliferation (19). Lineage tracing experiments with Bmi1 (35) and telomerase (32) have confirmed that these cells can self-renew and give rise to all four differentiated cell lineages of the epithelium, although there is debate as to whether these ϩ4 ISCs are slowly cycling or quiescent (25, 30, 38) . In contrast, the inter-Paneth CBCs, which have recently been demonstrated to be marked by the leucine-rich-repeatcontaining G-protein-coupled receptor 5 (Lgr5) (2), appear to be an actively cycling population of ISCs. The extent to which the supra-Paneth "ϩ4" CBCs and inter-Paneth CBCs represent distinct populations remains controversial (3, 25, 38) ; however, it is clear that, in agreement with the original studies of Cheng and Leblond (5), cells in both locations demonstrate the properties of self-renewal and multilineage differentiation. Some commonality in their biology is also indicated by the fact that they share several markers, including Musashi-1 (18, 29), CD133/Prominin 1 (40, 43), and SRY-box containing gene 9 (Sox9) (11).
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Compared with stem cells of other tissues, ISCs have proven remarkably difficult to isolate. The classical approach of antibody-based fluorescence-activated cell sorting (FACS) has been hampered by the lack of appropriate membrane markers. In an effort to overcome this problem, in 2005, our laboratory (8) reported the use of side population (SP) sorting to isolate ISCs in an antibody-independent fashion. These studies (8) demonstrated that mouse intestinal epithelium contained a fraction of cells displaying an SP phenotype, and that intestinal SP cells are enriched for Musashi-1 expression (at that time the only known marker of ISC). Subsequent microarray, in situ hybridization, resection, and damage studies (6, 7, 15) have provided further evidence that the SP from mouse small intestine includes the ISCs. While it was clear from the outset that the intestinal SP is heterogeneous, until 2009 there had been no reports of alternate approaches to the isolation of ISCs. During the past year or so, there have been significant advances in the isolation of ISCs via use of genetically engineered mice with ISC promoters driving fluorescent reporters: specifically telomerase-green fluorescent protein (GFP) (4, 32) , Sox9-GFP (11) , and Lgr5-GFP (36) . For the latter, the combination of FACS with a novel in vitro culture system has allowed the demonstration that single Lgr5 positive epithelial cells are capable of both self-renewal and multilineage differentiation (36) . Recently, Sox9-GFP cells have also been reported to display these stemness qualities in vitro (14) . While the reporter-based isolation methods are of unquestionable value for studying the biology of ISCs, their use is limited to these specifically engineered mice.
In 2009, May et al. (24) reported the first membrane marker for isolation of ISCs, namely DCAMKL1. While this represented an important contribution, it appears to select for a quiescent ISC population and thus is not useful for isolation of actively cycling ISCs. As the latter are essential for maintenance of the epithelium under homeostatic conditions, the goal of the present study was to develop the technology needed to isolate cycling ISCs from wild-type mice in a manner that would be readily assimilated and applicable to other species, including human.
We hypothesized that comparison of microarray data from the intestinal SP with similar data from a putative ISC fraction generated by laser capture microdissection (LCM) would identify potential membrane antigens suitable for sorting. Among the candidates identified by this approach, the adhesion molecule CD24 appeared most promising, based on the availability of well-documented antibodies that have been used to isolate CD24 ϩ stem cells from other tissues (28, 31, 33, 39, 42) . We report here that immunostaining of mouse jejunal tissue with these antibodies revealed CD24 expression as being restricted to cells at the crypt base. Flow cytometric analysis showed a CD24 ϩ fraction that includes cells of bone marrow origin. The latter could be excluded by either negative selection with anti-CD45 or by appropriate gating. Within the CD24 ϩ fraction, cycling cells [identified by in vivo labeling with the thymidine analog 5-ethynyl-2=-deoxyuridine (EdU)] were found primarily in the CD24 lo subfraction. Gene expression studies showed this subfraction to be markedly enriched in the ISC markers Lgr5 and Bmi1, but also enriched in Paneth cell transcripts. Flow cytometric analyses of jejunal epithelial cells stained with anti-lysozyme antibodies demonstrated that Paneth cells comprise ϳ30% of the CD24 lo subfraction. Finally, culture of the CD24 lo fraction with a Matrigel-based protocol led to the generation of crypt-like structures within 14 days, giving functional evidence for the presence of ISC.
MATERIALS AND METHODS

Animals and Reagents
Adult male C57BL/6J mice and heterozygote breeder pairs of Lgr5-EGFP (enhanced green fluorescent protein)-IRES-creERT2 (Lgr5-EGFP) mice were procured from Jackson Laboratories and maintained on a 12:12-h light-dark cycle in American Association for Accreditation of Laboratory Animal Care-approved facilities. All animals were used within the age range of 6 -10 wk of age, and all animal usage had Institutional Animal Care and Use Committee approval. Antibodies used for immunohistochemistry were purified anti-CD24 (BD Pharmingen catalog no. 557436) and anti-rat IgG-horseradish peroxidase (HRP) (Serotec catalog no. star72 
Microarray Analyses
The generation [using dChip (20) software] of a list of transcripts enriched twofold or greater in mouse jejunal SP cells, compared with intact jejunum, has already been published (15) . For the present study, an analogous list of enriched transcripts was generated for LCMprocured cells from the small intestinal crypt bases of germ-free CR2-tox176 mice (that are depleted of Paneth cells) (13, 41) compared with whole jejunum from wild-type, germ-free mice (17) . This LCM fraction has previously been shown to bioinformatically fit into a stem cell-like grouping (9) . Transcripts common to the SP-enriched list and the LCM-enriched list were subjected to gene ontology analysis, as described by Gulati et al. (15) .
Immunostaining
For tissue preparation, small intestines were flushed with PBS. A 4-mm segment from midjejunum was then filled with optimal cutting temperature (OCT) medium, embedded in OCT, and frozen on dry ice. Sections (7 m) were fixed in 100% acetone at 4°C for 10 min, washed with 1ϫ PBS for 10 min at room temperature (RT), and blocked with normal serum diluted in PBS for 1 h at RT. The primary antibody, anti-mouse CD24, was applied at 1:50 overnight. Secondary labeling was performed using anti-rat IgG-HRP at 1:200 for 1 h at RT. The secondary HRP was then visualized using a diaminobenzidine reaction.
Organoids were prepared and immunostained with lysozyme, substance P, sucrase isomaltase, and mucin 2 antibodies, as described by Gracz et al. (14) .
Flow Cytometry and FACS Analysis
Five different approaches were used for the cell sorting reported in this paper. Although the differences are subtle (e.g.. live cells vs. permeabilized cells), they are very important in allowing reproduction of the data and thus are described separately below.
Approach 1: Isolation of CD24 ϩ CD45 Ϫ cells and epithelial validation. Jejunal epithelial cells were isolated using the EDTA/ dispase method described by Formeister et al. (11) . Cells were incubated with both CD24-PE and CD45-FITC antibodies, at 0.25 g per 1 ϫ 10 6 cells in 100 l PBS/1% BSA, for 15-min RT, washed with PBS/1% BSA, and analyzed in a MoFlo FACS machine (Dako/ Cytomation). For epithelial validation, the aforementioned method was used, and the cells were incubated with CD24-PB at 0.25 g per 1 ϫ 10 6 cells and EpCAM-FITC antibodies at 0.5 g per 1 ϫ 10 6 cells. To check for endothelial contamination, cells were also incubated with CD24-PB at 0.25 g per 1 ϫ 10 6 cells and CD31-Alexa 647 antibodies at 0.5 g per 1 ϫ 10 6 cells. Because the CD24 ϩ fraction was negative for CD31, a control experiment was performed using digested lamina propria after removal of the epithelium. This showed a distinct CD31-positive fraction, thus validating the CD31 antibody. To assess colocalization of CD24 and DCAMKL1, cells were incubated with CD24-PB antibodies at 0.25/g per 1 ϫ 10 6 cells and DCAMKL1-DyLight 633 antibodies, applied at a 1:50 dilution. In these and all subsequent experiments, doublets were excluded using a bivariate plot of pulse width vs. forward scatter (FSC). Additionally the CD45 ϩ population was identified and back-gated onto a FSC vs. side scatter (SSC) plot to exclude it for this and the following four approaches.
Approach 2: Labeling with CD24 and EdU. Animals were injected intraperitoneally with 100 g EdU (Invitrogen catalog no. A10202) and killed 3 h later. Epithelial cells were prepared from the jejunum as in approach 1, incubated with CD24-PB antibody at the concentration used for CD24-PE above, and then washed. Detection of the EdU via a coupling reaction with Alexa647 azide was performed after fixation and permeabilization using the aforementioned kit from Invitrogen, following the provided protocol. Cells were analyzed by flow cytometry on a CyAn (Dako/Cytomation) machine.
Approach 3: RNA isolation and quantitative RT-PCR.
In the same manner as approach 1, live cells were isolated, labeled with CD24-PB antibody, and subjected to FACS. The lower half of the CD24 positive, designated CD24 lo , was then gated for collection. RNA was isolated using the RNAqueous Micro Kit from Ambion (Austin, TX), and cDNA was generated from this fraction as well as intact jejunum using the High Capacity cDNA Reverse Transcription Kit from Applied Biosystems (Foster City, CA). Quantitative PCR was conducted for each sample in triplicate. Taqman probes (Actb, Mm00607939_s1; Lgr5, Mm00438890_m1; Lyz, Mm00727183; SI, Mm01210305_m1, Acta2, Mm01546133_m1) were obtained from Applied Biosystems (Pleasanton, CA) and used according to the manufacturer's protocol. ␤-Actin RNA was used as an internal control gene, and ⌬⌬CT (cycle threshold) values were calculated to obtain fold changes vs. intact jejunum (37) .
Approach 4: Coexpression of CD24 and Lgr5-EGFP. For the analysis of jejunal epithelial cells from the Lgr5-EGFP mice, labeling methods described for CD24-PB in approach 1 were used, and the appropriate instrument channel was opened for endogenous Lgr5-EGFP fluorescence detection. The EGFP hi fraction, which has been shown to represent Lgr5 ϩ ISCs, was gated as described by Sato et al. (36) .
Approach 5: Analysis of CD24 and lysozyme. Cells were isolated and labeled with CD24-PB as in approach 1, then fixed for 15 min in 4% paraformaldehyde. After washing with PBS, cells were resuspended in saponin permeabilization buffer (Invitrogen PB001) with lysozyme-FITC antibody (1:10) and incubated at RT for 30 min. The cells were again washed and then analyzed by flow cytometry.
RESULTS
Microarray Cross-Comparison Identifies Potential Membrane Markers of ISC
Given our prior demonstration by in situ hybridization that SP cells from mouse small intestine map to the stem cell zone (15), we used our SP microarray data as a starting point to search for potential membrane antigens suitable for sorting. As can be seen in Fig. 1 , a total of 1,572 transcripts were found to be enriched in the SP. To determine which of these transcripts was most likely to represent ISC markers, we cross-referenced this list with the 2,137 transcripts enriched within a putative ISC population, which was harvested by LCM from crypt bases of mice lacking Paneth cells (13, 41) . The rationale for the cross-comparison was that populations of cells isolated by these different methods are likely to be enriched for ISCs, but also contain other distinctly different cell types. Thus comparison of the two data sets should facilitate identification of common ISC-enriched transcripts. As shown in Fig. 1 , this cross-comparison yielded a total of 361 potential ISC transcripts (listed in Supplemental Table S1 ; The online version of this article contains supplemental data). Gene ontology analysis showed that 14 of these transcripts encode plasma membrane proteins (asterisked in Supplemental Table S1 ), 5 of which have ecto domains that appear suitable for antigen-based cell sorting (double asterisked in Supplemental Table S1 ). Of these five, CD24 appeared the most promising because it is known to be a stem cell marker in other tissues (28, 31, 33, 39, 42) and in tumors (10) .
Localization of CD24 Expression in Jejunal Tissue
To verify that CD24 is expressed in the stem cell zone of the mouse small intestine, jejunal sections were subjected to immunohistochemical staining with CD24 antibody. As can be seen in the low power image in Fig. 2A , CD24 is restricted to epithelial cells at the crypt base and to cells within the lamina propria. Based on the literature, the latter are likely to be a mix of blood cells and endothelial cells (10, 22) . At higher power (Fig. 2B ), it appears that the epithelial staining is primarily apical and probably includes both the supra-and inter-Paneth CBC, as well as the Paneth cells themselves. Based on this staining pattern, together with the original microarray data, we concluded that sorting epithelial preparations with anti-CD24 should isolate a small fraction that is enriched in both ISCs and Paneth cells.
Flow Cytometric Identification of a CD24
ϩ CD45
Ϫ
Epithelial Fraction
Using an EDTA-based isolation procedure, which should yield epithelial cells relatively free of lamina propria, in our first approach, we stained cells with anti-CD24 for positive selection, as well as anti-CD45 to identify and eliminate cells of hematopoietic origin. Figure 3A shows that a majority of the CD24 ϩ cells were CD45 Ϫ . In the representative figure, CD24 ϩ CD45 Ϫ cells comprised 0.7% of the total, and replicate experiments gave the mean Ϯ SE (n ϭ 5) for this fraction to be 0.94 Ϯ 0.13 (Supplemental Table S2 ). In the initial sorting (Fig. 3A) , the double-positive CD24 ϩ CD45 ϩ cells made up 0.1% of the total. To exclude the double-positive fraction in future exper- Fig. 2 . Mouse jejunum stained with CD24 antibody at low (A) and high power (B). iments without the need for the anti-CD45, this CD45 ϩ fraction was identified (Fig. 3B) , back-gated to the FSC/SSC plot (Fig. 3C) , and then gated out (Fig. 3, D and E) . Figure 3F shows that, with this exclusion gating, the CD24 ϩ CD45 ϩ fraction was reduced to 0.03%, which is considered an acceptable level for future studies.
In view of the expression of CD24 on endothelial cells within the lamina propria (Fig. 2) , the CD24 ϩ fraction from an epithelial preparation was subjected to further flow cytometry using the pan-endothelial marker CD31 (16) . As can be seen from the representative analysis in Fig. 4A , essentially no CD31 ϩ cells were detected. In contrast, as shown in Fig. 4B , when the CD24 ϩ fraction was examined for presence of the pan-epithelial marker EpCAM (1), it was found to be almost entirely epithelial. Replicate analyses (n ϭ 3) of the CD24 ϩ fraction showed it to be 97.4 Ϯ 0.3% EpCAM ϩ and only 1.7 Ϯ 0.5% CD31 ϩ .
Labeling with EdU Identifies a Cycling CD24 ϩ Fraction
Although there may be a quiescent population of ISCs responsible for repair of epithelial damage (21, 24, 38) , normal homeostasis of the intestinal epithelium is maintained by an actively cycling population of ISCs (3, 30, 38) . We hypothesized that the latter may represent a subfraction within the relatively broad range of fluorescence intensities exhibited by the CD24 ϩ cells in Fig. 3 . To identify the actively cycling cells in this fraction, in approach 2, the thymidine analog EdU was administered to mice 3 h before tissue collection. Epithelial cells that incorporated EdU were then detected by flow cytometry using a fluorescent azide dye following fixation and permeabilization. Figure 5 , A and B, shows that sorting with anti-CD24 alone under these conditions yielded a positive fraction much like that shown in Fig. 3 . When the azide dye was applied (Fig. 5C ), cycling cells were readily identified as an EdU ϩ fraction on the x-axis. The majority of these were CD24
Ϫ . Based on the lack of staining in the midcrypts (Fig. 2) , we assume these CD24 Ϫ EdU ϩ cells are the cycling transit amplifying cells. Within the CD24 ϩ fraction, there was obvious accumulation of EdU ϩ cells at the lower fluorescence intensities (Fig. 5C ). Subdividing the CD24 ϩ fraction into CD24 hi and CD24 lo subfractions (Fig. 5D) showed that EdU ϩ cells represented 2.7 Ϯ 1.0% of the CD24 hi subfraction (Supplemental Table S3 ) compared with 19.5 Ϯ 2.2% (n ϭ 4) of the CD24 lo subfraction (Supplemental Table S4 ). Thus the latter is proposed to contain a majority of the actively cycling ISCs. Unfortunately, because cells are killed by the permeabilization and fixation steps required for FACS with EdU, the CD24 lo EdU ϩ fraction cannot be used for RNA analyses or for culture. However, since the actively cycling EdU ϩ cells fall primarily in the CD24 lo subfraction, we focused on this subfraction for subsequent analyses.
The CD24 lo Population Is Highly Enriched for the ISC Marker Lgr5
To assess the presence of ISCs in the CD24 lo population, in approach 3 we returned to the use of live cells and collected the CD24 lo subfraction for mRNA analyses. Figure 6 shows that this subfraction is highly enriched (40-fold) for the ISC marker Lgr5 and modestly enriched (5-fold) for the ISC marker Bmi1. Not surprisingly, the CD24 lo cells are also enriched for lysozyme mRNA (10-fold), indicating the presence of Paneth cells. In contrast, transcripts of sucrase-isomaltase, a marker for absorptive cells of the villus, were deenriched as predicted by the CD24 staining pattern shown in Fig. 2 . Transcripts for smooth muscle actin, a myofibroblast marker, were deenriched to the point of being nondetectable, further indicating that the EDTA protocol is indeed epithelial specific and excludes underlying mesenchymal cells. Overall, these mRNA data confirm the predictions from the staining pattern shown in Fig.  2 . When taken together with the EdU analyses (Fig. 5) , we conclude that the CD24 lo population includes ISCs as well as some Paneth cells.
To verify the presence of actively cycling ISCs, we used Lgr5-EGFP mice (36) to assess the distribution of Lgr5-EGFP cells within the CD24 fraction. As can be seen in Fig. 7A , the Lgr5 EGFP hi fraction, which has been demonstrated to represent actively cycling ISCs (36), includes CD24-expressing cells. Most importantly, the majority of the Lgr5-EGFP hi cells fall within the CD24 lo subfraction (95% in the representative analysis shown in Fig. 7 and 85 Ϯ 5% in 3 replicate analyses). While it would be of significant interest to also know what proportion of CD24 lo cells express Lgr5, this is not possible with the current Lgr5-EGFP mice because, as shown in Fig.  7B , the EGFP expression is highly mosaic in the jejunum of these mice. Thus the large number of cells in Fig. 7A that are CD24 lo but EGFP-negative presumably reflects crypts that do not express EGFP.
DCAMKL1 Sorted Cells Are Not Present in the CD24 Population
Since antibodies to DCAMKL1 have been reported to isolate a fraction that represents quiescent ISCs (24), we used flow cytometry of live cells to assess coexpression of DCAMKL1 and CD24. Although a distinct DCAMKL1-positive fraction was observed (Fig. 8) , essentially all of these cells fell within the CD24-negative quadrant. Thus we conclude that the CD24 lo fraction is not enriched with the putative quiescent ISCs marked by DCAMKL1.
Paneth Cells Comprise Approximately 30% of the CD24 lo Population
Although the RT-PCR data for lysozyme shown in analyses do not allow inference regarding cell numbers, we used approach 4 to determine what proportion of the CD24 lo subfraction actually represents Paneth cells. For this purpose, epithelial preparations were stained with anti-CD24, then fixed, permeabilized, and stained with anti-lysozyme. As expected from the CD24 immunohistochemistry shown in Fig. 2 , most of the lysozyme ϩ cells were CD24 ϩ (Fig. 9A) . When the CD24 lo subfraction was analyzed (Fig. 9B ), 32.5% was found to be lysozyme ϩ . In replicates (Supplemental Table S4 ), the mean Ϯ SE for lysozyme ϩ cells in the CD24 lo subfraction was 29.8 Ϯ 1.4% (n ϭ 3). Thus it appears that ϳ30% of the cells in the CD24 lo fraction are Paneth cells. As these are postmitotic, their presence should not preclude functional studies of the ISCs that are also predicted to be in the CD24 lo subfraction.
The CD24 lo Population Generates Intestinal Organoids In Vitro
The Matrigel-based culture system developed by Sato et al. (36) for Lgr5-GFP cells and subsequently employed by Gracz et al. (14) for Sox9-GFP cells provides a useful way to assess the functional behavior of preparations of putative ISCs. As can be seen in Fig. 10A, when our CD24 lo population was subjected to the Sato protocol, multicellular organoids were observed to develop. The time course of formation of these intestinal organoids appeared a little slower than that shown by Sato et al. for Lgr5-GFP cells (36) and by Gracz et al. for Sox9-GFP cells (14) . However, the morphology is very similar to these previous reports; with an early phase (days 4 -12) of growth as a simple spheroid and subsequent budding of multiple cryptlike structures (beginning on day 14 and becoming extensive by day 22) to generate complex organoids. In contrast to the results with the CD24 lo population, CD24 Ϫ cells showed zero in vitro growth. Figure 10B shows that, when 25-day organoids from our CD24 lo cells were collected and subjected to immunofluorescent staining, cells of all four differentiated epithelial lineages were detected. Although passaging has not been demonstrated with C57BL/6J mice, CD24 lo organoids from CD1 mice have been passaged up to three times with successful formation of new organoids (A. D. Gracz and S. T. Magness, unpublished observations). 
DISCUSSION
This paper reports the successful identification of a membrane marker, CD24, that can be used for antibody-based sorting of ISCs. Multiple lines of evidence have been presented to demonstrate that the CD24 ϩ fraction from murine jejunal epithelium is enriched with ISCs. First is the fact that CD24 transcripts were found in the putative ISC transcriptome profile generated by two independent approaches, namely SP sorting and LCM. Second, immunohistochemistry revealed CD24 protein expression within the jejunal epithelium to be restricted to cells at the crypt base. Third, sorting epithelial preparations with antibodies to CD24 demonstrated a positive fraction (CD24 lo ), which included actively cycling cells, and is highly enriched for the ISC marker Lgr5. Finally, this fraction is capable of in vitro growth to yield organoid-like units, which include all four epithelial lineages.
Since CD24 is known to be expressed on white blood cells, in our initial sorting with anti-CD24, we assessed the leukocytic component by labeling with anti-CD45, a pan-leukocyte marker. A distinct CD24 ϩ CD45 Ϫ fraction was observed (Fig.  3) , comprising 0.94 Ϯ 0.13% of the jejunal epithelium, a range consistent with the pattern of expression of CD24 protein, as assessed by immunohistochemistry (Fig. 2) . Subsequent manipulations demonstrated that the leukocytic CD45 ϩ fraction can be effectively gated out, thus simplifying the sorting procedure. Figure 4 shows that CD24-expressing cells in the lamina propria are effectively excluded by our EDTA-based cell preparation, which is selective for the epithelial cells.
The presence of Paneth cells in the CD24 ϩ fraction was predicted by the immunohistochemistry and confirmed by RT-PCR for lysozyme. As there is currently no published membrane marker for Paneth cells, their elimination is not straightforward. Since our interest lay primarily in isolating actively cycling ISCs, we hypothesized that this quality might effectively distinguish the ISCs from the Paneth cells within the CD24 ϩ population. However, when the thymidine analog EdU was used to identify proliferating cells, the EdU ϩ subfraction (Fig. 5 ) was found to be intermixed with the lysozyme ϩ subfraction (Fig. 9 ) in the CD24 lo region of the CD24 ϩ population. RNA analyses of the CD24 lo cells (Fig. 6 ) suggested that this fraction is highly enriched in cycling ISCs, as judged by Lgr5 transcripts being 40-fold more abundant than intact jejunum. Given that transcripts for the ϩ4 marker Bmi1 were enriched only fivefold, it would appear that the CD24 lo ISC fraction represents primarily the intra-Paneth CBCs, which are marked by Lgr5. Expression of Lgr5 in the CD24 lo fraction was confirmed by flow cytometric analyses of jejunal epithelium from Lgr5-EGFP mice (Fig. 7) . Finally, we used the culture technique of Sato et al. (36) to confirm that the CD24 lo cells, just like the Lgr5-EGFP cells (36) and the Sox9-GFP cells (14) , are capable of extensive growth in vitro and give rise to organoid-like structures, which include all four epithelial lineages (Fig. 10) .
While this work was in progress, Gracz et al. (14) independently generated evidence that CD24 antibodies could be used to sort murine ISCs. Their approach was based on the use of Sox9-GFP mice, which yielded a GFP lo fraction enriched in ISCs, as evidenced by the presence of ISC markers (including Lgr5) and by the ability to both proliferate and differentiate in vitro. When RNA from Sox9-GFP lo cells was analyzed for the presence of surface markers known to be expressed in stem cells of other tissues, CD24 transcripts were found to be enriched. Moreover, when jejunal epithelial preparations were sorted with GFP and anti-CD24, the Sox9-GFP lo cells were found in the CD24 lo region, consistent with our data indicating the presence of ISCs in that fraction. Just as in our studies with wild-type mice, Gracz et al. (14) were able to isolate CD24 lo cells from Sox9-GFP mice and demonstrate stemlike behavior in vitro. These independent studies with two distinct strains of mice (wild-type C57BL/6J in the present study vs. Sox9-GFP on the CD1 background) point to the broad utility of CD24 as a membrane marker that facilitates isolation of ISCs. Furthermore, the extensive characterization of the CD24 fraction presented in the present study significantly extends our understanding of the composition of this fraction.
As noted in the Introduction, CD24 has previously been reported to be a useful marker for isolating stem cells from various tissues. The best studied of these are mammary epithelial stem cells, where sorting with anti-CD24 has been shown to yield a 10-fold increase in the clonogenic capacity of Lin Ϫ Sca-1 l°C D49f hi cells (42) , and a single Lin Ϫ CD29 hi CD24 ϩ cell can give rise to a functional mammary gland (39) . Likewise, hepatic stem cells, which repopulate the liver after damage, are characterized by CD24 expression and can be isolated as a CD24 ϩ fraction (28) . Similar to our findings in the intestinal epithelium, studies with mouse brain have shown that neural stem cells are enriched in a CD24 lo subfraction (33), and, encouragingly, work with human neural stem cells also points to CD24 lo as defining the critical fraction (31). Beyond its utility for stem cell isolation, CD24 is also likely to play one or more functional roles in stem cell biology. CD24 is a glycosyl phosphatidylinositol-anchored membrane protein, which functions in cell-cell and cell-matrix adhesion, as well as in extracellular-to-intracellular signal transduction (10, 22) . Both of these properties could be important to ISCs. With respect to adhesion, CD24 may be one of the molecules responsible for anchoring ISCs in the crypt base, by partnering with a ligand on Paneth cells, or the basement membrane, or both. Likewise, CD24 could be involved in communication between ISCs and other cells of the stem cell niche, such as endothelial cells and neurons, which express known ligands for CD24, namely P-selectin and L1, respectively (22, 34) . Basolateral interactions of CD24 with either bound or secreted ligands or apical interactions with luminal factors may elicit signaling in the ISCs. The most likely role of such signaling would be to provide homeostatic control of stem cell number and proliferation rate. This suggestion is based on the literature reports that signaling via CD24 can elicit apoptosis and inhibit proliferation (22) . Most cogently, in CD24-deficient mice, increased proliferation has been observed in brain, skin, and cornea (27) . Conversely, overexpression of CD24 leads to decreased clonogenic behavior (27) . Although CD24-deficient mice have not been reported to have an overt intestinal phenotype (26, 27) , no intestinal histology has been described. Moreover, a homeostatic role may be revealed only when ISCs are challenged in some way (e.g., by damage, resection, oncogenesis, or carcinogenesis). Clearly, there is much work needed to explore these intriguing possibilities.
Before the present study, the techniques available for isolation of ISCs from wild-type mice (or other nonengineered species) were extremely limited. As noted in the Introduction, initial studies used SP sorting (8, 15) and generated evidence that this fraction includes the ISC and numerically can be considered a surrogate for ISC number (6, 7) . However, SP sorting has not come into wide use, presumably because it does not generate a highly enriched ISC fraction and because it requires the use of a UV laser, which is not available in many flow cytometry cores. As use of fluorophore-labeled antibodies to surface proteins overcomes the latter limitation, the search for membrane markers for ISCs has been intense. Beyond the CD24 reported here and by Gracz et al. (14) , the only other membrane marker of ISC in the literature to date is DCAMKL1 (23, 24) . However, this protein appears to identify postmitotic differentiated cells (12) and/or quiescent stem cells (24) . In contrast, our CD24 lo subfraction is essentially negative for DCAMKL1 (Fig. 8) and clearly includes actively cycling ISCs, as judged by in vitro labeling with EdU, enrichment in Lgr5, and in vitro growth into intestinal organoids. Finally, since CD24 antibodies are available for many species, including human, sorting with such antibodies (either using FACS or magnetic beads) should have wide application in both the basic understanding of ISC biology and the therapeutic applications of ISCs.
